We present a quantitative method which systematically finds tunneling systems in glasses and hence allows a microscopic check of the standard tunneling model. We apply this method to a two-component model amorphous alloy. The major assumptions of the standard tunneling model are qualitatively verified. Small quantitative difterences in the distribution of the tunneling matrix elements explain why the experimental temperature dependence of the specific heat is superlinear and the thermal conductivity is subquadratic.
ties markedly diA'erent from the behavior of crystals, e.g. , the temperature dependence of the specific heat C(T) ec T" ' and the thermal conductivity tc(T) cc T' [1] [2] [3] . The main characteristics of the low-temperature properties of glasses have been explained by a phenomenological tunneling model which we call the standard tunneling model (STM) [1, 2] . In the STM it is assumed that localized excitations with very low energies E exist in glasses. They are regarded as excitations in such double well potentials (DWP's) which by chance happen to be nearly symmetric. It is generally assumed that the existence of DWP's is due to the disorder in glasses so that a local rearrangement of atoms might switch the system between two adjacent local energy minima. For given T, DWP's with E of the order of k~T dominate the physical properties. In such DWP's a transition between the two minima is possible via tunneling. Therefore we will refer to them as tunneling systems (TS's) which are characterized by an asymmetry h, and a tunneling matrix element Ap. In the STM it is assumed that the distribution of TS's is given by P(A, Ap) =Pp/Ap, which corresponds to the least biased distribution. The form of P(h, hp) implies that the distribution of the excitation energy E =(6 +Ap) 'I is independent of E. Except for small systematic deviations the temperature behavior of C(T), tc(T) and further physical quantities like, e.g. , the absorption of sound are correctly predicted. Experimentally it turns out that for most glasses Pp is in the
At the present time no microscopic justification of the STM exists. Furthermore in recent years the validity of the STM has been questioned and alternative models have been proposed [5] [6] [7] . They are based on the assumption that the interaction between TS's, which is mediated by phonons, is much stronger than the intrinsic energies of the individual TS s. This assumption could be checked, if it were possible to estimate, from a microscopic picture, the density of TS's, hence the value of Pp, and In a first step a glass configuration [r; tj is constructed which corresponds to a local minimum of the potential energy. This is achieved by quenching an equilibrated computer liquid [10] . In a second step it is checked whether a second local energy minimum [r; ttj exists which is adjacent to the original one. As a measure for the distance between two configurations we choose the mass-weighted Euclidian distance We assume that the atomic rearrangements which correspond to a specific DWP are mainly described by the movement of one atom and its n nearest neighbors (n = [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Based on this assumption, which is subsequently checked self-consistently, we realize this step in the following way: (a) selection of one atom and its n nearest neighbors, (b) search for the energy minimum [r; pj in this subspace with the restriction dist([r;pj, [r; Lj) =dp for a given value of dp of the order of the expected distance between the deformation potential y. By y the coupling between TS's and acoustic phonons is described.
In this Letter we present a simulation procedure which is able to describe the low-energy excitations in a glass on a microscopic level. Some previous attempts to detect numerically DWP's were based on the assumption that a TS is described by the motion of a single atom [8, 9] . We show that this assumption is unrealistic. More realistic DWP's were found in simulations by Weber and Stillinger [10] . Since they chose a rather time-consuming method to detect DWP's, they only reported a few DWP's.
Let the glass consist of N atoms with masses m; and position vectors r;(1~i~N) so that its total Hamiltoni- [10] and has been implemented in our routine.
We treat the same system that Weber and Stillinger analyzed: an amorphous nickel phosphorus mixture near the eutectic composition of 80% Ni and 20% 'P [10] .
The pair potential between two atoms a distance r apart is described by the two energy minima, and (c) relaxation of the whole glass. Using this procedure the probability is rather large that in the rare cases in which an adjacent energy minimum is present, [r; ti] is close to [r; g] so that the gradient method in (c) is able to reach this minimum. It is convenient to use a simulated annealing method in step (b) [11] . We define d=dist([r; L], [r;~]). In a first approximation the reaction path between [r; 1.] We choose do=0.4o. , n =16 and systematically vary the initial atom in step (a). It turns out that, by the above routine, a particular DWP C So is found on average 8 times, with variations between 1 and 20. It rarely happens that a DWP C 2)ti is only detected once or twice.
Furthermore, for DWP's E 2)0 there are hardly any correlations between their potential parameters and the frequency with which they are found. Therefore we may conclude that most of the DWP's E 2)0 are detected and the few which are not detected are equally distributed in 2)0.
We analyzed n, =220 diAerent glass configurations by the above method. We found 310 DWP's E 2)0 which on average corresponds to one DWP E So per 106 atoms.
Their distribution with respect to h, and V is shown in Fig. 1(a) . Small values of d and V occur more frequently than large values of h, and V and furthermore h, and V are strongly correlated.
The participation number p, which is a measure of the size of the cluster of atoms which participate in the motion between the two minima, may be defined by p =d /d~, ", where dm, "denotes the maximum distance any single atom moves. In Fig. 2 we show the distribution of p. We see that for the large majority of DWP's p is smaller than 8. It turns out that the character of this distribution does not change significantly if we vary n between 10 and 20. Simulations on glasses with N=64 yield approximately the same distribution function.
Changes occur only for values of N as small as 32. Therefore we may conclude that neither the choice of n nor the fact that we "only" simulate glasses with N =150 atoms has significant consequences for the nature of the DWP's. In the analysis of soft potentials, rather than DWP's, Laird and Schober determined participation numbers of the order of 20 [12] . -p2(wz)p3(W3)p4(W4)] ) is a minimum. The brackets denote the sum over the discretized~; axes. Then we randomly generate 620 new triplets (wz, w3, W4) E X)p, each with probability p2(wz)p3(W3)p4(w4), and perform the same statistical analysis. This new set of triplets yields a variance g2. Since by construction the generated set of triplets is based on independent distribution functions p;(w;) the ratio of g~/g2 is a good measure for the statistical independence of the [w;] in our original set.
Only in the case of statistical independence gi =@2, otherwise g& is significantly larger. In our case it turns out that gi =@2, which proves the statistical independence.
In the same way we can show that a diferent choice of the polynomial E~t(x) =up(u2x +u3x +x ) does not lead to independent distribution functions. Our result is (V, h, d) space. In Fig. 1(b) the results for the (V, A) plane are presented. Taking into account the statistical errors of the original distribution, it is reasonably well approximated by the generated distribution.
In the last decade the soft-potential model has been developed in a number of publications [13, 14] . This properties of glasses could be well explained. We believe that our approach can serve as a microscopic foundation for a generalized softpotential model, based on three distribution functions instead of two. Since we chose a microscopic approach, our distribution functions have a microscopic foundation and are thus not postulated within the framework of a phenomenological model. Microscopic determinations of distribution functions within the soft-potential model were until now restricted to the analysis of normal modes of two coupled Si04 tetrahedra [15] . Since the minima of the DWP's describe local energy minima of the whole glass, the resulting tunneling matrix elements are already renormalized.
Based on this set of DWP's we may check the statistical assumptions of the STM. In agreement with the STM it turns out that for A~/ka (4 K the distribution function P(A, dp) is independent of A. The dependence of P(h, hp) on is shown in Fig. 3 . For Ap/kg (0.01 K we obtain P(d, hp) ee I/dp with @= 1 in agreement with the STM. For 0.05 (Ao/ k~( I K the value of e is approximately 4 which leads in a first approximation to C(T) cc T and Ic(T) cc T . This demonstrates that this small departure from the prediction of the STM is fully consistent with experimental results. A detailed analysis will be given in a subsequent paper. For ho/kg) 1 K a strong decrease of E can be observed. This indicates that h, o/k~approaches the crossover temperature To, for which the temperature dependence of C(T) and x(T) changes dramatically. Typically To is of the order of a few kelvin [14] . Qualitatively, the decrease of e is directly connected to the fact that the number of DWP's with small values of V is very large [see Fig. 1(a) ]. Therefore the observed behavior of P(h, hp) can be qualitatively ex- 
Within the STM we have n, q(E) =Po. For E/ka =I K we obtain n, g = 1.6 & 10 J ' m which is a factor of 4-20 larger than typical values known from literature [4). This result is robust against variations of the parameters of our statistical procedure, e.g. , the size of 2)0 and against variations of the cutoff parameter in Eq. (5) . Actually, n,ff has been experimentally determined to be approximately 2X 10 J 'm for NiP [16] . Because of the additional interaction with electrons it is not clear how reliable this value is. In summary, for a structural model glass we have microscopically identified the DWP's which were postulated in the STM. Qualitatively all statistical assumptions of the STM have been justified. The small quantitative deviations from the STM are fully consistent with experi-mental observations. Assuming a typical value for the deformation potential y of the order of 1 eV [4] our value of n, p implies that our model glass is correctly described by the weak-coupling picture. We believe that our method has a wide range of applications and will help to answer the question how the structure of a glass inAuences the low-temperature properties, as well as be extended to explain the physics of glasses at temperatures above 1 K without adjustable parameters. Financial support by the Humboldt Foundation and the NSF is gratefully acknowledged. We would like to thank U. Buchenau for helpful comments.
